Piezoelectrochemical (PEC) materials convert mechanical energy into electrochemical energy through Faradaic charge transfer, allowing energy harvesting at very low frequencies. Electric power is generated through micro-Hz cyclical compression of commercially available lithium-ion batteries with varying PEC effects. Difference in power generation between different PEC systems is analyzed based on standard charge/discharge curve and the relationship between the coupling of mechanical stress and voltage. This study experimentally demonstrates the varying energy converting properties between three different types of PEC systems and explores an important parameter space for controlling power generation behavior in ultra-low-frequency mechanical energy harvesting of PEC materials. © The Author Energy harvesting from nonconventional sources is increasingly important for applications such as portable electronics and microdevices, where a physical connection to a traditional power source is impractical.
Energy harvesting from nonconventional sources is increasingly important for applications such as portable electronics and microdevices, where a physical connection to a traditional power source is impractical.
1,2 As a solution, energy harvesting through conversion of ambient mechanical energy to electrical energy has been explored in a variety of material systems such as piezoelectric, 3, 4 flexoelectric, 5, 6 electrokinetic 7, 8 or triboelectric. 9, 10 While these materials are most effective for relatively high vibrational frequency (∼20-100 Hz) applications, they have limitations in the low-frequency regime (less than 5Hz).
To overcome this limitation, few developments have been made from a new class of materials that exhibit piezoelectrochemical (PEC) phenomena. [11] [12] [13] The PEC effect converts mechanical energy into electrochemical energy and vice versa through a volume change as a result of an electrochemical reaction. The volume change associated with the PEC effect leads to a variation in energy harvesting properties that depend on electrochemical potential or state of charge (SOC) of the PEC material. An increased understanding of the volume changing mechanical properties in regards to the electrochemical potential behavior can help find better ways to convert mechanical energy into electrochemical energy for energy harvesting. In addition, the high energy density associated with Faradaic charge transfer enable PEC materials to produce orders of magnitude more energy per volume than conventional mechanical energy harvesters at very low frequencies.
14 Recent developments in PEC energy harvesting show promising results however, they lack studies in the diversity of PEC materials or overlook the feasibility of PEC energy harvesting over an extended period of time for applications where power-output control is required. [11] [12] [13] In this paper we use various PEC material systems and characterize their energy harvesting behavior. From three different types of PEC cells, we investigate the relationship between the coupling of mechanical stress and voltage, at varying SOCs. We cyclically compress the cells at ultra-low frequencies and analyze the generated electric power output. The results give new insights to optimizing the PEC energy harvesting process for varying power consumption requirements and selecting the optimal PEC materials.
Experimental
To harvest mechanical energy, we use an experimental setup as illustrated in Figure 1a . The choice of our setup is based on our previous work 14 that eliminates the electrode material constraint and the need for an external circuitry. The setup uses a thermodynamic cycle equivalent model for harvesting energy and no other form of energy * Electrochemical Society Member.
* * Electrochemical Society Student Member. z E-mail: cbarnold@princeton.edu was applied to the setup other than mechanical forces to complete the cycle. The setup consists of two PEC energy harvesting cells connected together, initially at an identical electrochemical state, with cyclic-mechanical stress applied to the working cell ( Figure 1b) . The PEC energy harvesting cells are comprised of ion intercalating and deintercalating electrodes separated by electrolyte-soaked membrane that can drive ion flux from mechanical strain to create chemical potential (voltage) difference. When mechanical stress σ is applied to the working cell, voltage of the working cell increases due to the coupling between mechanical stress and electrochemical potential. Next, in order to achieve electrochemical equilibrium in the connected cells, current starts flowing from the working cell to the reference cell. The generated current flow is measured with a potentiostat across a resistor in the form of voltage. Similarly, when the applied stress is released, the voltage of the working cell decreases and the current flow is reversed, which completes one cycle. Energy harvesting cycling.-The desired initial state of charge (SOC) or voltage is selected based on the process described in the paper to maximize the energy yield.
14 The cells are charged and set to the same voltage by connecting the two cells in a parallel configuration. The cells are then configured into the dual-cell harvester configuration by shorting the positive terminals together and joining the negative terminals with a 10-resistor (which is approximately impedance matched with the harvester) to simulate an electrical load. The voltage across the 10-resistor is monitored and confirmed to exhibit a stable 0 V output (indicative of no power output) for 4 hours. A cyclic 27.8-μHz compressive stress square wave is applied to a single cell of the couple using a universal compression testing machine (Instron 5969) containing spherically seated platens to maintain good alignment. 8-MPa of load is chosen to avoid damaging the cell. Stresses in excess of 20 MPa have been shown to result in internal shorting and general mechanical damage in the cells due to separator deformation. 15 During mechanical cycling, the voltage across the resistor is monitored with a potentiostat (Solartron 1287a) and used to determine the electrical output of the harvester.
Results and Discussion
To demonstrate the varying behavior of PEC energy harvesting, we consider the following. First, studies have demonstrated that electrochemical strain response depends on the potential or capacity of the electrodes with a few lithium-ion cell materials. 16, 17 To quantify this response, Cannarella et al. proposed a PEC coupling factor K that relates the change in applied stress σ and chemical potential U o , which can also be expressed in terms of the mechanical strain ɛ produced from an electrochemical reaction involving volumetric charge q v 14 . Schiffer et al. further performed a theoretical study on the PEC energy conversion efficiency through an electric-circuit analysis. 18 Based on these studies we can include a material dependent PEC coupling-efficiency γ(M) to acquire Equation 1 .
where
This relationship shows the coupling between stress and voltage as a consequence of the work of mechanical expansion due to the electrochemical motion of charged species. The original coupling constant K o becomes an important parameter in the choice of PEC materials, which can be determined experimentally by using a compression testing machine to measure strain during a standard charge/discharge process (Figure 1c) . The effective coupling constant K eff is ultimately determined experimentally by measuring the generated voltage from the energy harvesting configuration. K eff is related to K o by a factor γ(M) which includes the PEC material dependent conversion efficiency between the mechanical work and the electrochemical work along with any inefficiency occurring during energy conversion into electric work in the experiment setup.
Second, we consider standard electrochemical charge/discharge curves as another influential factor in choosing PEC materials for energy harvesting. The curve determines how the generated current flows in and out from a PEC material. The slower the change in the voltage, the longer the current will flow to reach an electrochemical potential equilibrium, which will result in an extended power output.
Last, prior to the energy harvesting cycling experiment we determine the SOC values that can maximize the energy yield through a mathematical analysis of the energy harvesting process. 14 We perform the analysis from a thermodynamic point of view to calculate the single-cycle energy density output (Figure 1d ). In step i, 8-MPa of stress σ is applied to the working cell. Due to PEC coupling the voltage of the working cell increases by Κ σ. In this step, reversible mechanical work is done on the working cell due to elastic deformation. In step ii, the working cell is discharged by q v , resulting in a standard discharge behavior of decreasing voltage measured in the form of electric work. In step iii, the applied stress is released which causes a decrease in cell voltage by K σ and represents reversible mechanical work done by the working cell. In step iv, the cell returns to the original voltage and strain due to charging of the working cell by q v , and the cycle is completed. This thermodynamic cycle will result in net electrical work, as indicated by the area bound by the curve in Figure 1d which represents a single-cycle energy density output. Under the current experimental setup all harvested energy is dissipated across the resistor as it is being harvested and thus after a full mechano-electrochemical cycle, the cells maintain their original SOCs prior to the cycling process. The generated voltage measured across the resistor is then used to determine the amount of energy that has been harvested.
In sum, both the PEC coupling behavior and the standard charge/discharge electrochemical behavior should be fully explored to select the PEC materials, and the energy yield can be maximized by applying a higher stress σ and optimizing the SOC value through the thermodynamic mathematical analysis. We expect a larger harvested energy density to be associated with materials with a high coupling constant and a longer power generation for materials with a flat charge/discharge voltage curve.
Accordingly, three types of commercial lithium ion pouch cells were chosen with electrodes that exhibit varying strain and charge/discharge properties during lithium insertion and de-insertion. The first type of cell is composed of a lithium cobalt oxide cathode (LCO) and a graphite anode. Lithium cobalt oxide is a common cathode material with a unique volume expansion property during charging of the battery. 19 Despite lithium de-insertion during charging, lattice constant of LCO increases due to the repulsion of oxygen atom sheets as they get closer from delithiation. 20 Meanwhile, graphite experiences a volume expansion of around 10% during lithium insertion. 21 The second type of cell is composed of a lithium nickel manganese cobalt oxide cathode (NMC) and a silicon (Si) anode. Si changes its structure more drastically than graphite which results in a larger volume expansion up to 400% 22, 23 making volume change in the NMC electrode negligible. In addition, Si electrode batteries have been shown to exhibit a steeper voltage characteristic curve. 24 The third type is composed of a lithium iron phosphate cathode (LFP) and a graphite anode. LFP exhibits a flat voltage characteristic curve representing a distinct two-phase transition 25 and delithiation from LFP induces a 6.81% volume reduction. 26 Figure 2a shows lattice structures of the four electrodes (LCO, LFP, graphite, Si) and the plots in Figure 2b shows the different charge curves experimentally measured for the three types of cells chosen, corresponding well with the studies mentioned. [24] [25] [26] Experimentally determined values of K o and differential voltage for the three types of cells are plotted in We compare the 4-consecutive-cycle energy-harvesting experiment result from the three cells in Figure 4 and we present a summary of the important experiment data in Table I . Despite the fact that the K o values for the NMC/Si cells are higher in general, the highest K o value at the experimental SOC (marked with yellow circles in Figure 3a) belongs to the LCO/Graphite cells. Therefore, we expect the largest voltage to be generated with the LCO/Graphite cells and this was confirmed by the highest generated-voltage peak from the LCO/Graphite cells in Figure 4a , also shown with the highest K o and K eff values in Table I . By comparing the differential voltage ( dV dQ ) values at which the cells were cycled at marked by yellow circles in Figure 3b , we expect the most extended time of current flow with the LFP/Graphite cells. This was demonstrated by the slowest drop in the generated power in Figure 4b . The slowest power drop for the LFP/Graphite cells can also be observed from the smallest variance between the peak power and the average power Table I. The generated power was calculated using P = V 2 /R. The power for NMC/Si drops the fastest and is completely depleted relatively soon after the harvesting process begins. This is shown by the fastest drop in the generated power in Figure 4b and from the largest variance between the peak power and the average power in Table I . From these results, we confirm that PEC materials with higher K o values generate higher peak power, whereas materials with smaller ( dV dQ ) values result in a more uniform power output. Furthermore, the highest PEC coupling efficiency γ(M) was acquired with the LCO/Graphite cells. We hypothesize that the disparity between the K o and K eff leading to different values of γ(M) occurs from a material dependent nonlinear coupling phenomenon suggesting that the LCO/Graphite system may have the highest PEC effect. Other possible energy losses leading to variance in γ(M) may occur due to unoptimized cell design, friction, heat, and other resistive losses in the system from increased resistance during cell compression.
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Conclusions
In summary, we analyzed three different types of commercial PEC cells with varying PEC coupling and electrochemical charge/discharge properties. Through cyclically compressing the PEC cells at low frequencies, we report a successful conversion of mechanical energy into electrochemical energy, which is demonstrated by measuring the electric power generated. We conclude that both the PEC coupling behavior, represented by constant K, and the standard charge/discharge electrochemical behavior, represented by differential voltage, should be fully explored to understand the energy harvesting process. For applications where a high initial peak power is required, choosing PEC material systems with higher K values is recommended, while for applications where a more consistent supply of power is required, choosing PEC material systems with a flatter voltage curve (i.e. smaller (
∂V ∂Q
) values) would be beneficial. Our results give new suggestions for selecting PEC materials to optimize the energy harvesting behavior for device applications with various power rate requirements. We hope the increased understanding of the PEC energy harvesting process can give new pathways to realizing unprecedented designs in energy harvesting device applications. 
